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(54) Adaptive time deversity and spatial diversity for OFDM 



(57) An adaptable orthogonal frequency-division 
multiplexing system (OFDM) that uses a multiple input 
multiple output (MIMO) to having OFDM signals trans- 
mitted either in accordance with time diversity to reduc- 
ing signal fading or in accordance with spatial diversity 
to increase the data rate. Sub-carriers are classified for 



spatial diversity transmission or for time diversity trans- 
mission based on the result of a comparison between 
threshold values and at least one of three criteria. The 
criteria includes a calculation of a smallest eigen value 
of a frequency channel response matrix and a smallest 
element of a diagonal of the matrix and a ratio of the 
largest and smallest eigen values of the matrix. 
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Description 

CROSS-REFERENCE TO RELATED PATENT APPLICATIONS 

5 [0001] Reference is made copending patent application entitled: CHANNELS ESTIMATION FOR MULTIPLE INPUT 
- MULTIPLE OUTPUT, ORTHOGONAL FREQUENCY DIVISION MULTIPLEXING (OFDM) SYSTEM, and whose con- 
tents are incorporated by reference with respect to channels estimation. This application is a utility patent application 
based on provisional patent application serial 30/229972 ; filed September 1, 2000. 

■ 10 BACKGROUND OF THE INVENTION 

Field of the Invention 

[0002] The invention relates to adapting time diversity and spatial diversity for use in an orthogonal frequency-division 
is multiplexing (OFDM) environment, using a multiple input and multiple output (MIMO) structure. 

Discussion of Related Art 

[0003] A multiple input, multiple output (MIMO) structure has multiple communication channels that are used between 

20 transmitters and receivers. A space time transmitter diversity (STTD) system may be used on a MIMO structure, but 
it will not increase the data throughput.' Indeed, for a high level configuration, the data rate may even reduce. In an 
STTD system, the transmitters deliver the same information content within consecutive symbol duration so that time 
diversity may be exploited. To efficiently use the multiple transmitters of the MIMO structure, however, the transmission 
data rate needs to be increased. 

25 [0004] The most straightforward solution to increase the transmission data rate is to in forward error correction (FEC) 
dump independent data to each transmitter. A forward error correction (FEC) encoder produces in-phase and quad- 
rature-phase data streams for the digital QAM modulator in accordance with a predetermined QAM constellation. The 
QAM modulator may perform baseband filtering, digital interpolation and quadrature amplitude modulation. The output 
of the QAM modulator is a digital intermediate frequency signal. A digital to analog (D/A) converter transforms the 

30 digital IF signal to analog for transmission. 

- [0005] The problem arises, however, as to how to safely recover the transmitted data. For a 2x2 system (two trans- 
mitters, two receivers) for example, after the channel information is obtained, the recovery process entails formulating 
two equations with two unknowns that need to be solved. The two unknowns may be determined only if the 2x2 channel 
is invertible. In practice, however, two situations may be encountered, i.e., the channel matrix is rank deficient so the 

35 unknowns cannot be determined orthe frequency response channel matrix is invertible but has a very small eigen value. 
[0006] The first situation arises when the channels are highly correlated, which may be caused either by not enough 
separation of the transmitters or by homology of the surroundings. For the second situation, although the equations 
are solvable, the solution can cause a high bit error rate (BER), because a scale up of the noise can result in an incorrect 
constellation point. 

40 ^ [0007] Orthogonal frequency-domain multiplexing (OFDM) systems were designed conventionally for either time 
diversity or for space diversity, but not both. The former will provide a robust system that combats signal fading but 
cannot increase the data rate capacity, while the latter can increase the data rate capacity but loses the system ro- 
bustness. An OFDM signal contains OFDM symbols, which are constituted by a set of sub-carriers and transmitted for 
a fixed duration. 

^5 [0008] The MIMO structure may be used for carrying out time diversity for an OFDM system. For instance, when 
one transmitter transmits an OFDM signal, another transmitter will transmit a fully correlated OFDM signal to that 
transmitted by the one transmitter. The same OFDM signal is transmitted with, for instance; a fixed OFDM duration. 
. [0009] On the other hand, spatial diversity entails transmitting independent signals from different transmitters. Thus, 
transmitting two independent OFDM signals from two transmitters, respectively, results in a double data rate capacity 

50 from the parallel transmission that occurs. 

[0010] When the signal to noise ratio (SNR) is low, the frame error rate (FER) is large, so that a data packet trans- 
mission will be decoded incorrectly and will need to be retransmitted. The quality of service (QoS) defines the number 
of times that the same packet can be retransmitted, eg., within an OFDM architecture. The OFDM system on a MIMO 
.structure, therefore, should be adaptable to ensure that the QoS is maintained. 

55 [0011] For any given modulation and code rate, the SNR must exceed a certain threshold to ensure that a data 
packet will be decoded correctly. When the SNR is less than that certain threshold, the bit error rate (BER) will be 
larger, which results in a larger FER. The larger the FER, the more retransmissions of the same packet will be required 
until the packet is decoded correctly. Thus, steps may need to be taken to provide the OFDM system with a higher 



BNSDOCID: <EP 1 185001 A2_l_> 



I] 



10 



25 



EP 1 185 001 A2 

gain. If the SNR is at or above the threshold., then there is no need to increase the gain of the architecture to decode 
the data packets correctly. One challenge is to adapt the OFDM system to use time diversity when signal fading is 
detected as problematic and to use spatial diversity at other time to increase the data rate transfer. 
[0012] In a conventional OFDM system, there are many OFDM modes, for examples are the 1k mode (1024 tones) 
and the half k mode(512 tones). For 1k mode, the number of sub-carriers is 1024 and for the half k mode, the number 
of sub-carriers is 512. The 1k mode is suitable for a channel with long delay and slow temporal fading, while the 512 
mode is suitable for the channel with a short delay and fast temporal fading. But which mode will be used is really 
depending on the real environment. 

[0013] A transaction unit of a conventional OFDM signal is an OFDM frame that lasts 10 ms. Each OFDM frame 
consists of 8 OFDM slots and each slot lasts 1 .25 ms. Each OFDM slot consists of 8 OFDM symbols and some of the 
OFDM symbols will be the known preambles for access and channels estimation purposes. An OFDM super frame is 
made up of 8 OFDM frames and lasts 80 ms. 
[0014] In addition to transmitted data, an OFDM frame contains a preamble, continual pilot sub-carriers, and trans- 
mission parameter sub-carriers/scattered sub-carriers. The preamble contains OFDM symbols that all used for training 
'5 to realize timing, frequency and sampling clock synchronization acquisitions, channel estimation and a C/i calculation 
for different access points. 

[0015] The continual pilot sub-carriers contain training symbols that are constant for all OFDM symbols. They are 
used for tracking the remaining frequency/sampling clock offset after the initial training. 

[0016] The transmission parameter sub-carriers/scatlered sub-carriers are dedicated in each OFDM symbol and 
20 reserved for signaling of transmission parameters, which are related to the transmission scheme, such as channel 
coding, modulation, guarding interval and power control. The transmission parameter sub-carriers are well protected 
and therefore can be used as scattered pilot sub-carriers after decoding. 

[0017] One application for determining whether sub-carriers should be assigned to time diversity or spatial diversity 
is to conform with statistical analysis of traffic demands during particular times of the day, such as peak and off-peak. 
The OFDM system may preferably bias toward either time diversity or spatial diversity based on such a statistical 
analysis. 

BRIEF SUMMARY OF THE INVENTION 

30 [0018] One aspect of the invention pertains to employing adaptive STDD and spatial multiplexing (SM) based on 
comparing the channel condition of each sub-carrier with a threshold." When a sub-carrier is accommodated on channels 
that have a "well conditioned" channel matrix, spatial multiplexing may be used to create independent transmission 
paths and therefore increase the data rate. A n well conditioned" channel matrix arises when the smallest eigen value 
is not too small as compared to a threshold value, such as the noise power increase when multiplied by its inverse. 
For those sub-carriers whose channel matrices have smaller eigen values, the receiver cannot recover the parallel 
transmitted information symbols. As a result, STTD is used to guarantee a robust system. 

[0019] Encoders associated with the transmitter side encode or classify sub-carriers in accordance with one of two 
groups based on a feedback signal; one of the groups is to forward error correction (FEC) time diversity and the other 
of the two groups is to forward error correction (FEC) spatial diversity. This grouping is based on results from a com- 
parison made at the receiver side between a threshold value and either a calculated smallest eigen value of a frequency 
response matrix, the smallest element in a diagonal of the matrix, or a ratio of the largest and smallest eigen values 
in the matrix. 

[0020] • The threshold value is based on the transmitter and receiver antenna configuration, environmental constraints 
of the OFDM communication system, and/or on statistical analysis of communication traffic demands. The estimate 
value is derived from channel estimation of multiple channels of multi-input multi-output (MIMO) type systems. 
[0021] Time diversity is used to reduce adverse signal fading. Spatial diversity is used to increase the data rate, 
which time diversity cannot do. When sub-carriers use time diversity, it means that signal fading is strong so that parallel 
transmission of data packets can not be done to overcome the insufficient gain problem. Instead, time diversity is used 
to get the necessary gain for the OFDM system, even though the data rate capacity suffers. An SNR gain is assured 
with time diversity, because of the orthogonality matrix pattern inherent among transmitted samples in the OFDM 
system. On the other hand, when sub-carriers use spatial diversity, signal fading is weak so that parallel transmissions 
may occur to increase the data rate capacity. Thus, there is no need to increase the gain of the OFDM system, which 
means that the data rate may be increased. 

[0022] In operation, the OFDM system of the invention may start transmission of data packets with eithertime diversity 
or spatial diversity. The receiver side will estimate the channels and decode the data packets. After the channel infor- 
mation, is obtained, the receiver side will calculate the eigen values of the channel matrices to the extent possible. The 
controller then determines whether the sub-carrier to use time diversity or spatial diversity based on one of three criteria 
(only one of which is dependent upon the eigen value calculation). The receiver then reports back or feedbacks to the 
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transmitter side with this information, i.e., about whether the sub-carrier is to use time diversity or spatial diversity so 
as to trigger the next round of transmission accordingly. 

BRIEF DESCRIPTION OF THE SEVERAL VIEWS OF THE DRAWING 

5 

[0023] For a better understanding of the present invention, reference is made to the following description and ac- 
companying drawings, while the scope of the invention is set forth in the appended claims. 

[0024] Fig. 1 is a schematic representation of a generic multi-input, multi-output orthogonal frequency-division mul- 
tiplexing transmitter in accordance with an embodiment of the invention. 
10 [0025] Fig. 2 is a schematic representation of an orthogonal frequency-division multiplexing symbol. 

[0026] Fig. 3 isa space time transmitter diversity (STTD) orthogonal frequency-division multiplexing (OFDM) encoder 
for loading data to a sub-carrier in G1 which will be specified in the forthcoming sections. 

[0027] t Fig. 4 is a spatial multiplexing (SM) orthogonal frequency-division multiplexing (OFDM) encoder for loading 
data to a sub-carrier in G2 which will be specified in the forthcoming sections. 
75 [Q028] Fig. 5 is a schematic representation of two pure STTD transmitters that save one half of the IFFT computation. 
[0029] Fig. 6 is a schematic representation of four pure STTD transmitters that save three fourths of the IFFT com- 
putation. 

[0030] Fig. 7 is a schematic representation a generic receiver structure. 

[0031] Fig. 8 is a schematic representation of configurations of a two receiver anlenna case and a three receiver 
20 antenna case. 

DETAILED. DESCRIPTION OF THE INVENTION 

[0032] The invention concerns a practical time and spatial diversity combination that fits into an OFDM system. The 
25 OFDM system of the invention can automatically adapt the channel variation and make trade off between time diversity 
and spatial diversity. In an exemplary environment, the data rate can be increased 1 .8 times for 2x2 configuration (2 
transmitters, 2 receivers), which gives 80 Mbps, and 2.7 times for 3x3 configuration )3 transmitters, 3 receivers) which 
gives 121 Mbps within 6MHz, while keep the robustness of the system. 

[0033] Turning to the drawing, Figure 1 shows a generic MIMO and OFDM transmitter system. In the figure, STTD 
30 and SM are the abbreviations of Space-Time-Transmitter Diversity and Spatial Multiplexing. The MIMO OFDM is con- 
figured as two level adaptations as shown in Figure 1 , namely, space/time diversity adaptation and coding/modulation 
adaptation. The space/time diversity adaptation is determined by the carrier to interference power ratio or signal to 
noise power ratio. 

[0034] Information data is fed into adaptive coding modulation, the modulation is multiplexed and fed into adaptive 
35 space/time diversity encoding and assignment. A receiver feedback to provide feedback signals to the adaptive coding 
of modulation, multiplexer and adaptive space/time diversity is also provided. The multiplexed signals in the adaptive 
space/time diversity pass through STTD/SM OFDM encoders and the encoded signals transmit to associated antennas. 
• The adaptive coding and modulation includes a forward error correction (FEC) encoder, an interleaver and an m-PSK 
- modular. 

40 [0035] If x MHz bandwidth is available, then Orthogonal Frequency Division Multiplexing OFDM is to chop this whole 
spectrum into many small pieces of equal width and each of them will be used as a carrier. The width of the piece will 
be determined by delay spread of the targeted environment. 

[0036] The STTD/OFDM encoder is responsible for the assignment of the constellation points to each sub-carrier. 
For M transmitters, M OFDM symbols data are loaded in general (so the bit loading will be calculated according to this 
45 number), but it will depend on the STTD structure. Figure 2 illustrates one OFDM symbol. 

[0037] For each sub-carrier that is indexed k, its loading will be determined by its corresponding channel condition. 
For N receivers, the frequency channel responses may be represented by an MxN matrix, say H(k). The channel 
condition will be described by one of the following 3 criteria. 

50 1 . Smallest eigen value of H(k)H(k)* 

2. Smallest element of the diagonal of H(k)H(k)* 

3. The ratio of largest and smallest eigen values of H(k)H(k)* 

[0038] A set of thresholds for each criterion and for each system configuration is used. These thresholds will be 
55 service parameters and can be used as quality of service (QoS) or billing purposes. 

[0039] With each criterion and a given threshold, all the sub-carriers will be classified into two groups G1 and G2 by 
a controller at the receiver side. The controller directs the transmission of a feedback signal indicative of the result of 
the classification. The feedback signal is received at the transmitter side and interpreted by a controller at the transmitter 
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ul?th T G h ?M lnZT S t^T 6 10 G1 STT ° SnCOder at the tr * nSm iSSl ° n Side Whi,e those c! *^ed - G2 will 

use the SM encoder at the transmission side. 

ITclrier' w^h! lt CarrierS H Tf, beSn C ' aSSified in '° thS tW ° 9r ° Ups G1 and G2 < the modulation scheme on each 
resul t lodlln h V K the T"" C/ ' (C3rrier t0 interfetence ^tio) or SNR (signal to noise ratio). As a 

er^icet ZToZT.T' ^ " * ? PSK " m " PSK ° f Vari ° US ° m wi " be selected t0 ^ °° s (quality of 
^^u^^^ 0 " made bV ^ 6Stimated C/l " SNR - ThiS iS an ° ther level adaptati - »« may 

J. 0 mnH, lla r Or in T nCe ' Wh£n Q ° S iS dSfined the FER (frame error rate > ma V be ten Percent. The goal is to choose 
daTalw To^ S ch r e t a h CCOrd ' n9 ? PSrCeiVed C/l " SNR 10 S3tiSfy thlS Q0S ' ^'maximizing the throughput of 
r0042 ,n : k 3 P k re " def,ned l00k - u P table ma V be accessed that is in accordance with various QoS 

[0042] In determ.mng which modulation. scheme will satisfy the criteria, the C/l or SNR estimation is done durino 

tTon e n a e T S K, T '? kin9 Str0n9eSt Si9nal fr ° m the base S,ati0n first ' Based ° n knowledge and est ma' 

t.on, one ,s able to get a rough idea as to which modulation scheme should be used. Regardless of the moduJon 

ES, • F l 9 ' 3 3h °K WS h ° W 10 '° ad dala °" sub - carrier k for * situation involving 2 transmitters for example This data 
2 hinToFrT 8 Pa h ir ,° f ° FDM S ^ mb0,S - As can be appreciated, apparently one sample has been transmitted 
^DM system °" * tranSmitterS ' ThUS < the data rate is the «ame as for the one transmitter 

so [0044] Fig. 4 shows how to load data on sub-carrier k in G2 for a situation involving 2 transmitters In this case each 
tr r a a ns S :m:;s tranSmitS indePend6nt th6re,0re data ratS 15 d ° Uble for * transmitters and M times'rM 

u 0 s 0 od 5 L IIl?^" 6 h diV6rSity SPatia ' diVerSlty f ° r ° FDM W ° rkS aS f0ll0WS ' Startin 9 ° ut . ^ STTD mode is 
used for aHsub-camers. The rece.vcr estimates the channel profiles and then directs a feedback of its preference 
25 e ,ther to STTD or spatial multiplexing (SM) on each sub-carrier prercrcncc 

tT^S Th h e f Wh0le f b - carrier indices <K min; K min+ 1 K max} are then divided into two disjoint subsets l sttd and I 

The one w„h fewer elements will be the feedback to the transmitters. The extreme case is that one of them s an ern^ 

two O^ZTZT^T T STTD ° r PUrS SM AS ^ PUrS STT ° SyStSm ' thS tranSmitters a'ways coZe'r 
so SS ere transm,ss,on unit for 2x2 configuration and M OFDM symbols for a system has M 

Sutio^of | Umb a e nd 0 ! '"'m bitS ' h ° We ? ' r edS '° be ° a,CUlated aCC ° rding t0 8 ™ dula «°" scheme and a dynamic 
d.str button of d and I More precisely, the number of bits needed for the two consecutive OFDM symbols is 2xl 
l sttd IL + 4xl l sm IL, where L is the modulation level which equals to 2345678 
35 £™ J h WhSn 3 9 ( ranularity P roblem arises . the two OFDM symbols are repacked to fit the granularity by removina 
raoT.l M C th merS m int ° W ThiS may SaCrifiCe the data rate somewhat . but k ^P *e system robust 9 
daraccordinaToT ,Ve a nd^ 

EL^ 1 "™ ^ baSe ' in ! °' the SerVi ° e qUa ' ity - This means that when P arallel transmission is carried out in the 
40 In ? n .2! d CO r Un : Cat '° n ChannSlS ' th6n " iS 9 uara "teed parallel transmission, because the BER or FER will be 
and Z mid 3 ' t' eVe tbe K necassar y QoS - The transmitters will propagate the transmissions at the same constant powe* 

m05 1 tC ZZ « Sam , 6 f ° r f tranSmitter ThUS ' 00 P0W6r p0Urin 9 technic < ue need * t° *» employed 
amotlr JnJ t th : eSh °' dS 3re USed to classif y the sub-carriers. Indeed, the threshold can be used as a se^ki.pa- 

SSlS^S^r^ 6i,her STT ° m ° de ° r SM m ° de 3CCOrdin9 l ° — — d ' ^ — on L 

^ \°?°rnLJl« 8n e > XamP ' e ' f0F 0386 WhSre ,he Sma " eSt eigen Value is used as t^ threshold in a 2x2 configuration 
wh 2 ™ h " 2 , re i C h e ' VerS) ' th6re iS 3 60 % 0 PP or t^«y to do parallel transmission with 0.5 as the threshold va uT 
wheh may be scale the noise 3 dB up. for a 2x4 configuration (2 transmitters. 4 receivers), there is an 80 % opportunTv 
to do parallel transmission with 1 as the threshold value, which may even reduce the noise opportune 
[0053] Fig. 5 shows a special, but very practical situation, which shows two pure STTD transmitters that save % of 

t::zzz e^r r orm , (i FF ? compu,ation - The present invention ™* * M ™"y 

in a vulnerable environment involving 2 transmitters. 

SI!o! I Th C0 Tr ,i0na,ly ; ~ W ° U,d eXPGCt ea ° h tra ^mitterto transmit 2 OFDM symbols every 2 OFDM symbol du- 
D er°inHF U FT 6 *\\ DM ^ M transmitted for every 2 OFDM duration that go through a respect^ inde- 
55 fourTmel COmpUtat, ° n en9ine ' ThiS means that a com P'- number ^ computation is expected to be conducted 

fsshoL rn^L^Tl^r' 16 " 6 ^ 10 "-^ 2 and 4 tranSrnit ant6nnaS ' thS com P-tational efficient implementation 
in F cure 6 reouires / ef th^ ^ 7 * SCheme " Fi9UrS 5 H ° f the ,FFT com P"tation and the scheme 

in Figure 6 requires X of the IFFT computahon as compared with a straightforward implementation that performs the 
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computations separately. 

[0056] In accordance with Fig. 5, however, there is'data crossing between two transmitters, which saves two IFFT 
computations. Yet, it provides four IFFT outputs, which is exactly the same results where four independent IFFTs are 
used. Although four IFFT operations are shown in Fig. 5 ; they are operating on real vectors, which means the compu- 
tational complexity of a real IFFT equals the complex IFFT with a half size. Therefore, the computational time saving 
comes from the relationship between IFFT on a vector and its conjugate. 

[0057] In Fig. 5 : the bits are coded bits ; which are the input to variable M-PSK/QAM mapping.. The mapping will map 
the bits to the corresponding constellation points according to the Gray rule; constellation points here refer to any 
modulation scheme, such as QPSK, m-PSK : QAM, etc. The constellation vector will be inserted with a pilot into a 
multiplex and then into first in first out (FIFO) buffers. 

[0058] The designations S 0 , S 1 S 2 S 3 S 2 Q46: S 2 o4 7) in the FIFO buffer represent complex vectors. The function Re 
{} refers to just taking the real part of the complex vector. The designation lm{} refers to just taking the imaginary part 
of the complex vector. The real and imaginary parts are fed as input into IFFTs. The designation D/A refers to a digital 
to analog converter. 

[0059] The transmission order for the first transmitter is OhUM symbol b and then d the transmission order for 
the second transmitter is OFDM symbol g and then f etc. Before each OFDM symbol is transmitted, the cyclic extension 
will be appended somewhere in the OFDM symbol. 

[0060] Periodically inserted preambles will serve for the timing recovery, framing, frequency offset estimation .. clock 
correction and overall channel estimation The estimated channel samples will be used for the continuous spectrum 
channel reconstruction. Pilot symbols will serve for phase correction, final tuning of channel estimation. 
The mathematical equivalence for Fig. 5 is as follows 
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[0061] Fig.. 6 shows four Pure STTD Transmitters that represents a rate 3/4 STTD encoder as: 
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Such an STTD encoder encodes every 3 OFDM symbols into 4 OFDM symbols and transmits to 4 antennas. Figure 
. 6 scheme requires 1/4 IFFT computation compared to the straightforward implementation. The reason why computation 
is saved is for the same reasons as in Fig. 5. The parameters there are defined respectively as follows: 
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[0062] Fig. 7 is an abstract diagram of a generic receiver structure. 

STTD/SM OFDM .decoder is sub-carrier based decoder. The structure and configuration of the S7TD/SM OFDM de- 
coder will depend on the architecture configuration. 
Suppose sub-carrier m is STTD coded, i.e. m belongs lo G1. 
[0063] For a 2x2 configuration: 

S(2m) and S(2m+1 ) are decoded by solving the following equations 
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[0064] The assumption here is that the even indexed sample S(2m) is transmitted in qth OFDM and the odd indexed 
sample S(2m+1) is transmitted in (q+1)th OFDM symbol. 

[0065] There are 4 equations and two unknowns. So a least mean square solution can be obtained by multiplying 
the coefficient matrix to the received data vector. With the above two pairs, we will get two estimated of the same pair 
of samples. Their average will be the output of the decoder. 

[0066] More statistics are performed after regrouping the equations. In fact, every pair of the equations will result a 
solution, every 3 equations also provide a new estimation, and all the equations will give a solution too. There are 10 
combinations in total and therefore 1 0 estimation with these 4 equations. Their average or partial average will be used 
as the solution. 

[0067] A 2x3 configuration is similar to 2x2, involving 6 equations: 



40 



y t (q,™) 



T H2m) If n x {q,m) 1 
- *i i <?.«)' \[s(2m + 1) J + |n, (q + 1, m) J 



45 



50 



y 2 (q + lmy 



t\ 2 (q,m) Kjiq.m) 
.hail,**? ~h, 2 {q,m)\ 



s(2m) 
s(2m + 1) 



*i(? + U»)J 



y^(q^) 






fhy(q*m) " 


" s(2m) ' 




n^(q,m) 


yi(q + lm)\ 








j(2m + \) 




n^(q + 1,/77}_ 



[0068] For a 2x4 configuration, there are 8 equations: 
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[0069] For a 4x2 configuration, there are 8 equations and 3 unknowns 
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where 



•n(m) = -Re(s(3(m-1)))+yim(s(3(m- 1)+ 1)), 
K(m) = -Re(s(3(m- 1) + 1)) +/lm ag(s(3(m- 1))), 
v(m) = Re(s(3(/77 . 1 ) + 1 )) + j lm(s(3(m - 1 ))), 
C(m) = -Re(s(3(m- 1))) - j Im ag(s(3(m-1)+ 1)), 

h k1 (m) is the frequency channel response of the channel between transmitter k and receiver I. 
Similarly, the received data for the 4x2 configuration is 
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[0070] The solution will be the least mean square solution by enumerating all possibilities. Suppose instead that sub- 
carrier m is SM Coded, i.e. m belongs to G2. For a 2x2 configuration, there are 4 equations and 4 unknowns: . 
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[0071] So the 4 unknowns can be estimated by the least mean square solutions. 
[0072] For a 2x3 configuration, there are 6 equations and 4 unknowns. 
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[0073] For a 2x4 configuration, there are 8 equations and 4 unknowns 
35 [0074] For a 3x3 configuration, there are 9 equations and 9 unknowns. 

[0075] la accordance with the inventive architecture, the data rate can be as high as 70 Mbps for 2x2 and 120 Mbps 
for 3x3 within 6 MHz spectrum. 

[0076] An exemplary optimal threshold value for a 2x2 configuration is 0.5. An exemplary optimal threshold value 
for a 2x4 configuration is 1 .0. An exemplary optimal threshold value for a 3x3 configuration is 1 .2. An exemplary optimal 
40 threshold value for a 2x3 configuration is 1 .0. By exemplary optimal threshold value, the intent is. to attain a value that 
has a trade-off between time and spatial diversity that yields both a relatively high robustness and relatively high data 
packet rate transfer. 

[0077] As can be appreciated for each of the afore-mentioned configurations, there are a certain number of equations 
and a certain number of unknowns. In an over-determined system, the number of equations is greater than the number 

45 of unknowns. Thus, for a 2x2 configuration, there are two unknowns but four equations may be formulated. If there is 
no noise, any two of them (six pairs), or any three of them (four . triples) or all of the four equations (one quadratic) will 
give the same answer. The difference is when noise is present, because the combinations with then give different 
solutions. Since some of the solutions may be good while others are bad, different combinations are chosen, but those 
combinations that result in large derivations are to be avoided. The idea is to use a sub-set of the over determined 

50 linear equations to estimate the solution and then average all the possible solutions that seem viable. The averaging 
may be done with a least mean square solution, which is a conventional mathematical technique. 
[0078] Figure 8 compares a two receiver antenna case and a three receiver antenna case. With respect to the three 
receiver antenna case, the number of receiver antennas is greater than the number of transmitter antennas. As a 
consequence, the receiver has additional redundancy, the receiver has various configurations, and the configurations 

55 yield several different decoding results. The most reliable solution can be selected from among them or all the solutions 
may be averaged to obtain a final result 

[0079] While the foregoing description and drawings represent the preferred embodiments of the present invention, 
it will be understood that various changes and modifications may be made without departing from the spirit and scope 
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4. 



An apparatus for use with an adaptive orthogonal frequency division-multiplexing (OFDM) system that uses multiple 
input multiple output (MIMO) structure to transmit OFDM signals from a plurality of transmitters to a plurality of 
receivers, the OFDM signal having an OFDM frame of a duration, the OFDM frame having data packets and a 
plurality of OFDM slots, each of the OFDM slots having a plurality of OFDM symbols that include a plurality of sub- 
carriers 3 the apparatus comprising: 

a receiver that responds to receipt of the OFDM signal by making a determination as to whether time diversity 
or spatial diversity should be used for subsequent transmissions and transmits a feedback signal indicative of that 
determination, an implementation of the time diversity resulting in a better robustness to counter signal fading than 
if the spatial diversity were implemented and an implementation of spatial diversity resulting in an increase in a 
rate of data packet transfer over that if the time diversity were implemented, because the OFDM signals that are 
transmitted over multiple ones of the transmitters are independent of each other for the spatial diversity and cor- 
respond to each other for the time diversity. 

An apparatus as in claim 1, wherein the receiver includes a controller lhat makes Lhe determination based on a 
comparison of a channel condition with a threshold, the channel condition being based on a frequency response 
channel matrix that is derived from OFDM symbols. 

An apparatus as in claim 2, wherein the channel condition is based on a calculation of a smallest eigen value of 
the frequency response channel matrix. 

An apparatus as in claim 2, wherein the channel condition is based on a determination of a smallest element in a 
diagonal of the frequency response channel matrix. 



5. An apparatus as in claim 2, wherein the channel condition represents a ratio of largest and smallest eigen values 
30 of the channel matrix. 

6. An apparatus as in claim 2 : wherein the channel condition is based on one of three criteria selected from a group 
consisting of a calculation of smallest eigen values of the channel matrix, a smallest element in a diagonal of the 
channel matnx, and a ratio of largest and smallest eigen values of the channel matrix. 

. An apparatus as in claim 2, further comprising a channel estimator that forms the frequency response channel 
matrix. 

. An apparatus as in claim 2, wherein the controller is configured to classify the sub-carriers into one of two groups 
in accordance with the channel condition, one of the two groups being indicative of time diversity and the other of 
the two groups being indicative of spatial diversity, the controller being further configured to determine a modulation 
scheme on each of the classified sub-carriers based on an estimated ratio selected from a further group consistinq 
of a carrier to interference ratio and a signal to noise ratio. 

An apparatusfor use with an adaptive orthogonal frequency division-multiplexing (OFDM) system that uses multiple 
input multiple output (MIMO) structure to transmit OFDM signals from a plurality of transmitters to a plurality of 
receivers, the OFDM signal having an OFDM frame of a duration, the OFDM frame having data packets and a 
plurality of OFDM slots, each of the OFDM slots having a plurality of OFDM symbols that include a plurality of sub- 
carriers, the apparatus comprising 

at least one controller configured and arranged to respond to a feedback signal to direct an encoder to assign 
constellation points to the sub.carriers in accordance with a channel condition so as to classify each of the sub- 
carriers into one of two groups, the encoder including a space time transmitter diversity (STTD) encoder and a 
spatial multiplexing (SM) encoder, the STTD encoder being arranged to encode the sub-carriers classified in one 
of the groups in accordance with time diversity and the SM encoder being arranged to encode the suborners 
classified in the other of the groups in accordance with spatial diversity, an implementation of the time diversity 
resulting in a better robustness to counter signal fading than if the spatial diversity were implemented and an 
implementation of spatial diversity resulting in an increase in a rate of data packet transfer over that if the time 
diversity were implemented, because the OFDM signals that are transmitted over multiple ones of the transmitters 
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20 



are independent of each other for the spatial diversity and correspond to each other for the time diversity. 

10. An apparatus as in claim 9, wherein the controller is configured to determine a modulation scheme on each of the 
sub-carriers based on an estimated ratio selected from a further group consisting of a carrier to interference ratio 

5 and a signal to noise ratio. 

1 1 . An apparatus for use with an adaptive orthogonal frequency division multiplexing (OFDM) system that uses multiple 
input multiple output (MIMO) structure to transmit OFDM signals from a plurality of transmitters to a plurality of 
receivers, the OFDM signal having an OFDM frame of a duration, the OFDM frame having data packets and a 

10 plurality of OFDM slots, each of the OFDM slots having a plurality of OFDM symbols that include a plurality of sub- 

carriers, the apparatus comprising: 

controllers configured and arranged to direct transmission and reception in accordance with OFDM, the 
controllers including those associated with the reception that are configured to responds receipt of the OFDM 
signal by making a determination as to whether time diversity or spatial diversity should be used for subsequent 
75 transmissions and transmits a feedback signal indicative of that determination, an implementation of the time 

diversity resulting in a better robustness to counter signal fading than if the spatial diversity were implemented and 
an implementation of spatial diversity resulting in an increase in a rate of data packet transfer over that if the time 
diversity were implemented, because the OFDM signals that are transmitted over multiple ones of the transmitters 
are independent of each other for the spatial diversity and correspond lo each other for the time diversity, the 
controllers associated with the reception being configured to direct that transmission of at least one feedback signal 
occur that reflects the determination, the controllers including those associated with the transmission that are 
responsive to receipt of the feedback signal to direct an encoder to assign constellation points to the sub-carriers 
in accordance with a channel condition so as to classify each of the sub-carriers into one of two groups, the encoder 
including a space time transmitter diversity (STTD) encoder and a spatial multiplexing (SM) encoder, the STTD 
25 encoder being arranged to encode the sub-carriers classified in one of the groups in accordance with the time 

diversity and the SM encoder being arranged to encode the sub-carriers classified in the other of the groups in 
accordance with the spatial diversity. 

12. An apparatus as in claim 11, wherein the controller is configured to determine a modulation scheme on each of 
30 the sub-carriers based on an estimated ratio selected from a further group consisting of a carrier to interference 

ratio and a signal to noise ratio. 

13. An apparatus as in claim 12, wherein the controllers associated with the reception are configured to make a cal- 
culation of eigen values of channel matrices to make a determination as to which sub-carriers are to use the time 

35 diversity to reduce signal fading forward error correction (FEC) during a subsequent transmission and which sub- 

carriers are to use the spatial diversity to increase a rate of data transfer during the subsequent transmission, the 
controllers associated with the reception being configured to make the determination based on a comparison 
between a threshold and at least one of three criteria and to direct transmission of a feed back signal indicative of 
a result of the determination, at least one of the criteria being based on the calculation, at least another of the 

*o criteria being based on elements of a diagonal of at least one of the channel matrices. 

14. An apparatus as in claim 12, wherein the controllers associated with the reception are configured so to make the 
determination based on a comparison of a channel condition with a threshold, the channel condition being based 
on a frequency response channel matrix that is derived from OFDM symbols. 

45 

15. An apparatus as in claim 14, wherein the channel condition represents a calculation of a smallest eigen value of 
the frequency response channel matrix. 

16. An apparatus as in claim 14, wherein the channel condition represents a determination of a smallest element in a 
50 diagonal of the frequency response channel matrix. 

1 7. An apparatus as in claim 1 4, wherein the channel condition represents a ratio of largest and smallest cigen values 
of the channel matrix. 

55 18. An apparatus as in claim 14, wherein the channel condition represents one of three criteria selected from a group 
consisting of a calculation of smallest eigen values of the channel matrix, a smallest element in a diagonal of the 
channel matrix, and a ratio of largest and smallest eigen values of the channel matrix. 
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An apparatus as in claim 14, further comprising a channel estimator that forms the frequency response channel 
matrix. 

A method for use with an adaptive orthogonal frequency division -multiplexing (OFDM) system that uses multiple 
input multiple output (MIMO) structure to transmit OFDM signals from a plurality of transmitters to a plurality of 
receivers, the OFDM signal having an OFDM frame of a duration, the OFDM frame having data packets and a 
plurality of OFDM slots, each of the OFDM slots having a plurality of OFDM symbols that include a plurality of sub- 
carriers, the method comprising: 

responding to receipt of the OFDM signal by making a determination as to whether time diversity or spatial 
diversity should be used for subsequent transmissions and transmits a feedback signal indicative of that determi- 
nation, an implementation of the time diversity resulting in a better robustness to counter signal fading than if the 
spatial diversity were implemented and an implementation of spatial diversity resulting in an increase in a rate of 
data packet transfer over that if the time diversity were implemented, because the OFDM signals that are trans- 
mitted over multiple ones of the transmitters are independent of each other for the spatial diversity and correspond 
to each other for the time diversity. 

A method as in claim 20, further comprising making the determination based on a comparison of a channel condition 
with a threshold., the channel condition being based on a frequency response channel matrix that is derived from 
OFDM symbols. 

A method as in claim 21 , further comprising calculating a smallest eigen value of the frequency response channel 
matrix basing the channel condition on the calculating. 

An method as in claim 21, further comprising determining a smallest element in a diagonal of the frequency re- 
sponse channel matrix and basing the channel condition on the determining. 

A method as in claim 21 , further comprising calculating a ratio of largest and smallest eigen values of the channel 
matrix and basing the channel condition on the ratio. 

A method as in claim 21 , further comprising basing the channel condition on one of three criteria selected from a 
group consisting of a calculation of smallest eigen values of the channel matrix, a smallest element in a diagonal 
of the channel matrix, and a ratio of largest and smallest eigen values of the channel matrix. 

26. A method as in claim 20, further comprising classifying the sub-carriers into two groups one of the two groups 
being indicative of time diversity and the other of the two groups being indicative of spatial diversity, determining 
a modulation scheme on each of the classified sub-carriers based on an estimated ratio selected from a further 
group consisting of carrier to interference ratio and signal to noise ratio. 

27. A method for use with an adaptive orthogonal frequency division-multiplexing (OFDM) system that uses multiple 
input multiple output (MIMO) structure to transmit OFDM signals from a plurality of transmitters to a plurality of 
receivers, the OFDM signal having an OFDM frame of a duration, the OFDM frame having data packets and a 
plurality of OFDM slots, each of the OFDM slots having a plurality of OFDM symbols that include a plurality of sub- 
carriers, the method comprising 

responding to a feedback signal to direct an encoder to assign constellation points to the sub-carriers in 
accordance with a channel condition so as to classify each of the sub-carriers into one of two groups, the encoder 
including a space time transmitter diversity (STTD) encoder and a spatial multiplexing (SM) encoder, the STTD 
encoder being arranged to encode the sub-carriers classified in one of the groups in accordance with time diversity 
and the SM encoder being arranged to encode the sub-carriers classified in the other of the groups in accordance 
with spatial diversity, an implementation of the time diversity resulting in a better robustness to counter signal 
fading than if the spatial diversity were implemented and an implementation of spatial diversity resulting in an 
increase in a rate of data packet transfer over that if the time diversity were implemented, because the OFDM 
signals that are transmitted over multiple ones of the transmitters are independent of each other for the spatial 
diversity and correspond to each other for the time diversity. 

28. A method as in claim 27, further comprising classifying the sub-carriers into two groups, one of the two groups, 
being indicative of time diversity and the other of the two groups being indicative of spatial diversity, determining 
a modulation scheme on each of the classified sub-carriers based on an estimated ratio selected from a further 
group consisting of a carrier to interference ratio and a signal to noise ratio. 



19. 
20. 

5 
10 
15 

21. 

20 

22. 
23. 

25 

24. 

30 25. 



12 



EP 1 185 001 A2 



29. A method for use with an adaptive orthogonal frequency division-multiplexing (OFDM) system that uses multiple 
input multiple output (MIMO) structure to transmit OFDM signals from a plurality of transmitters to a plurality of 
receivers., the OFDM signal having an OFDM frame of a duration., the OFDM frame having data packets and a 
plurality of OFDM slots, each of the OFDM slots having a plurality of OFDM symbols that include a plurality of sub- 

5 carriers, the method comprising: 

directing transmission and reception in accordance with OFDM by using controllers : the controllers including 
those associated with the reception responding to receipt of the OFDM signal by making a determination as to 
whether time diversity or spatial diversity should be used for subsequent transmissions and transmits a feedback 
signal indicative of that determination, an implementation of the^time diversity resulting in a better robustness to 

10 counter signal fading than if the spatial diversity were implemented and an implementation of spatial diversity 

resulting in an increase in a rate of data packet transfer over that if the time diversity were implemented, because 
the OFDM signals that are transmitted over multiple ones of the transmitters are independent of each other for the 
spatial diversity and correspond to each other for the time diversity, the controllers associated with the reception 
directing that transmission of at least one feedback signal occur that reflects the determination, the controllers 

75 including those associated with the transmission that respond to receipt of the feedback signal to direct an encoder 

to assign constellation points to the sub-carriers in accordance with a channel condition so as to classify each of 
the sub-carriers into one of two groups, the encoder including a space time transmitter diversity (STTD) encoder 
and a spatial multiplexing (SM) encoder, the STTD encoder being arranged to encode the sub-carriers classified 
in one of the groups in accordance wilh the time diversity and the SM encoder being arranged to encode the sub- 

20 carriers classified in the other of the groups in accordance with the spatial diversity. 

30. A method as in claim 29, wherein the controllers associated with the reception make a calculation of eigen values 
of channel matrices to make a determination as to which sub-carriers are to use the time diversity- to reduce signal 
fading forward error correction (FEC) during a subsequent transmission and which sub-carriers are to use the 

25 spatial diversity to increase a rate of data transfer during the subsequent transmission, the controllers associated 

with the reception make the determination based on a comparison between a threshold and at least one of three 
criteria and to direct transmission of a feed back signal indicative of a result of the determination, at least one of 
the criteria being based on the calculation, at least another of the criteria being based on elements of a diagonal 
of at least one of the channel matrices. 

30 

31. A method as in claim 29, wherein the controllers associated with the reception make the determination based on 
a comparison of a channel condition with a threshold, the channel condition being based on a frequency response 
channel matrix that is derived from OFDM symbols. 

35 32. A method as in claim 31 , further comprising calculating a smallest eigen value of the frequency response channel 
matrix basing the channel condition on the calculating. 

33. A method as in claim 31 , further comprising determining a smallest element in a diagonal of the frequency response 
channel matrix and basing the channel condition on the determining. 

40 

34. A method as in claim 31 , further comprising calculating a ratio of largest and smallest eigen values of the channel 
matrix and basing the channel condition on the ratio. 

35. A method as in claim 31 , further comprising basing the channel condition on one of three criteria selected from a 
45 group consisting of a calculation of smallest eigen values of the channel matrix, a smallest element in a diagonal 

of the channel matrix, and a ratio of largest and smallest eigen values of the channel matrix. 

36. A method as in claim 29, further comprising determining a modulation scheme on each of the sub-carriers based 
on an estimated ratio selected from a further group consisting of a carrier to interference ratio and a signal to noise 

50 ratio. 
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